INTRODUCTION {#SEC1}
============

Mitochondria possess their own translational machinery required for the expression of the few genes encoded by the mitochondrial DNA (mtDNA). This machinery is associated with the mitochondrial inner membrane allowing the co-translational insertion of mtDNA-encoded membrane subunits of the three respiratory complexes I, III and IV as well as the ATP synthase (oxidative phosphorylation (OXPHOS) complexes). The components of the mitochondrial protein synthesis apparatus are distinct from their cytoplasmic counterparts and in general share homologies with their bacterial equivalents.

The different steps of the translation process involve a limited number of auxiliary protein factors that ensure the speed and accuracy of each step. While the essential role of these auxiliary factors has been extensively analyzed in bacteria, two major difficulties have complicated the study of the corresponding mitochondrial factors. First, no *in vitro* translation system able to carry out the complete translation of a mitochondrial mRNA (mt-mRNA) has been established despite a number of years of effort with human and yeast mitochondria. Second, the *in vivo* analysis of the phenotype of *Saccharomyces cerevisiae* mutants of these mitochondrial factors has not been very informative since defects in translation components generally lead to mtDNA instability ([@B1]). To circumvent these difficulties, the auxiliary factors in human mitochondria have been studied *in vitro* using purified factors and mitochondrial or bacterial ribosomes ([@B2]).

Few studies have focused on the mitochondrial ribosome-recycling step that should *a priori* differ from the bacterial step due to the binding of the mitochondrial ribosome to the inner membrane. In bacteria, there have been many debates about the mechanism of ribosomal recycling and the role of the three factors involved: ribosome recycling factor (RRF), elongation factor G (EF-G) and initiation factor 3 (IF3) ([@B3],[@B4]). To summarize, the ribosome-recycling factor RRF interacts with the large ribosomal subunit and dissociates the ribosome through interaction with the GTPase EF-G, that also acts at the elongation step. Subsequently, the initiation factor IF3 binds to the small ribosomal subunit and prevents the re-association of free ribosomal subunits. In human and yeast mitochondria, the homologs of RRF and IF3 have been identified ([@B5]--[@B8]) and there are two homologs of EF-G, one (hEFG1/Mef1) acting at the elongation step and the other (hEFG2/Mef2) at the recycling step ([@B9],[@B10]). Purified human mitochondrial mtRRF and hEFG2 disassemble ribosomes into the small and large subunits and both factors remain on the large subunit until GTP is hydrolyzed. Depletion of either mtRRF or hEFG2 causes profound mitochondrial dysfunctions ([@B5],[@B11]). In addition, purified human mitochondrial mtIF3 cross-links with proteins of the small ribosomal subunit, assists the dissociation of mitochondrial ribosomes and promotes the formation of the initiation complex in the presence of the mitochondrial initiation factor 2 ([@B2]). Thus, mtIF3 is active at the interface between recycling and initiation. In *S. cerevisiae*, deletion of Rrf1, Mef2 or Mif3/Aim23 (the RRF, EF-G2 and IF3 homologs, respectively) was reported to lead to mtDNA loss in a yeast strain with an intron-containing mtDNA, although recently it has been shown that a mtDNA with a reduced intron content is more stable in a *Δmif3* background. Interestingly, some mutants like *S. pombe Δrrf1* or *S. cerevisiae Δmif3* can be complemented by the human homologs ([@B5],[@B6],[@B8],[@B11]--[@B13]).

Moreover, specific translational activator proteins absent in bacterial translation are also required at the initiation step of mitochondrial translation. They have been extensively studied in *S. cerevisiae* mitochondria ([@B14]--[@B16]). They are specific for each mitochondrial mRNA, are often associated with the ribosomes and tether mRNA to the inner membrane. For example, the translational activator Mss51 controls the synthesis of Cox1, a catalytic subunit of complex IV through its interaction with Pet309 and the *COX1* mRNA. In addition, Mss51 is recruited to early assembly intermediates containing the newly synthesized Cox1 polypeptide. In a wild type strain, Mss51 is predominantly found in assembly competent complexes that also contain assembly factors such as Cox14 or Coa3 (Cox25) that control the first step of Cox1 assembly ([@B17]--[@B21]). This form is known as Mss51^A^. In the absence of these assembly factors, Mss51 accumulates in a low molecular weight complex Mss51^T^ that was proposed to be the source of the translationally-active form. Thus, Mss51 is a key player in a translational feedback control loop that coordinates the synthesis of Cox1 and its assembly with the other subunits of complex IV ([@B22],[@B23]).

In human cells, an assembly intermediate, called MITRAC for \"mitochondrial translation regulation assembly intermediate of cytochrome *c* oxidase\" plays a similar role in the coupling between COX1 synthesis and assembly and its dysfunction results in severe human mitochondrial disorders ([@B24]--[@B27]). MITRAC contains homologs of assembly factors that are known to interact with Cox1 and Mss51 in yeast, such as C12ORF62 and MITRAC12 (Cox14 and Coa3 in yeast). A homolog of Mss51 has been also recently shown to be localized in the mitochondria of skeletal muscle and to modulate cellular metabolism ([@B28],[@B29]); however, to date there is no evidence to suggest that it is part of the human MITRAC assembly intermediate.

Generally, mutations in yeast specific translation factors do not destabilize mtDNA while defects in general translation lead to mtDNA loss. Surprisingly, we previously reported that in an *S. cerevisiae* strain carrying an intron-less mtDNA, the absence of the ribosome-recycling factor Rrf1 is respiratory competent and does not lead to mtDNA instability (Supplementary Material S2 from ([@B5])), thus allowing us to study *in vivo* defects in the ribosome recycling step and make comparisons with other steps of mitochondrial translation. In this paper, we have analyzed the phenotype of yeast strains devoid of mitochondrial introns and carrying mutations in, or deletions of, genes coding for mitochondrial auxiliary translation factors. We find that the loss of factors acting at the ribosome recycling step (Rrf1) or at the interface between recycling and initiation (Mif3) increases the synthesis of several OXPHOS subunits while compromising the assembly of complex IV and adenosine triphosphate (ATP) synthase (complex V). We further show a functional interaction between Rrf1 and the specific translational activator Mss51. Taken together, our results demonstrate that Rrf1 and Mif3 despite their role in the ribosome recycling step are not essential for mitochondrial translation but actively participate in coupling the synthesis and the assembly of OXPHOS subunits.

MATERIALS AND METHODS {#SEC2}
=====================

Media and strain construction {#SEC2-1}
-----------------------------

Media were prepared as in ([@B30]). The respiratory medium contains 2% glycerol; fermentable media contain either 2% glucose or 2% galactose and 0.1% glucose. Galactose is a fermentable substrate that does not cause the repression of genes encoding mitochondrial proteins while glucose does.

All the strains are listed in Supplementary Table S1. Each mutant was constructed in the strain CW252 that has the W303-1B nuclear background (*MAT alpha ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100*) and an intron-less mitochondrial genome ([@B31]). Each mutation was introduced at the chromosomal *locus* by integrative transformation. Only the *Δmef2* and *Δnam2* mutants lost their mtDNA (*rho°*). Thus, the point mutants *mef2-K54A* and *nam2-W238C* were constructed. In both cases, the wild-type genes were mutated on centromeric plasmids and introduced into the corresponding deletion mutants, which were then re-populated with the intron-less mitochondrial genome by cytoduction. Cytoduction experiments were performed by crossing the mutants with JC8/252 (*MAT a kar1-1 leu1, rho^+^*) with an intron-less mtDNA; *kar1-1* mutation delays nuclear fusion in the zygotes and allows the budding of mutant cells with an intron-less mtDNA. The percentage of mtDNA deletion mutants (*rho^−^* mutants) accumulating in glucose medium at 28°C after about 15 generations was estimated by spreading haploids cells on YPD plates at a dilution giving single colonies after 2 days of incubation at 30°C. Colonies were crossed with a lawn of *rho*° haploid strain (KL14-4A *MAT a his1, trp2, rho*°) and incubated overnight at 30°C. The resulting diploid cells were tested for their respiratory growth on non-fermentable medium. *Rho^−^* mutants crossed with the *rho*° tester strain give respiratory deficient diploids, whereas diploids resulting from crossing *rho^+^* with the *rho*° tester strain are respiratory competent.

Rrf1 and Mss51 were tagged at their C-termini with three copies of the HA, or 13 copies of the c-Myc epitope respectively using the *Schizosaccharomyces pombe his5* gene as selection marker (*Sphis5* complements the *S. cerevisiae* mutation *his3*) as described in ([@B32]). In each case, the correct integration of the mutation or the tag was confirmed by polymerase chain reaction (PCR) amplification and sequencing. We verified that the addition of the tags did not modify the respiratory phenotype.

*In vivo* labeling of mitochondrial translation products {#SEC2-2}
--------------------------------------------------------

The *S. cerevisiae* cells were grown to early exponential phase in galactose medium (0.8 OD~600~ units) and for each strain precisely 1.6 OD~600~ units were collected and incubated at 30°C for 2.5 to 10 min with ^35^S methionine and cysteine in the presence of cycloheximide that blocks cytoplasmic translation. When a chase was performed the cells were labeled for 10 min and then washed in galactose medium containing an excess of cold methionine and cysteine before further incubation in the same medium supplemented with cycloheximide. Total proteins were extracted according to ([@B33]) and two identical gels were subjected to SDS-PAGE (17% acrylamide 0.5% bis-acrylamide), each with half of the samples. One gel was stained with Coomassie blue, dried and the labeled proteins were revealed by autoradiography; the other gel was transferred onto a membrane, analyzed by Western blotting and also revealed by autoradiography.

Northern blot analyses {#SEC2-3}
----------------------

Total RNAs were purified from galactose grown cells using the 'hot phenol' technique ([@B34]). The RNAs were separated on 1.2% agarose formaldehyde gels and were transferred onto Hybond-N membrane (Amersham). The blots were successively hybridized with different probes at 42°C in 50% formamide in the presence of Denhardt\'s solution (see Supplementary Table S2 for a description of the probes). For detection of the mitochondrial RNAs, PCR-amplified fragments internal to each mitochondrial gene were generated and used to produce radiolabeled probes by random priming (Invitrogen).

Cytochrome absorption spectra {#SEC2-4}
-----------------------------

Cytochrome absorption spectra of whole cells grown in galactose medium were recorded at liquid nitrogen temperature after reduction by dithionite using a Cary 400 spectrophotometer (Varian, San Fernando, CA, USA). Cytochromes *c1* and *b* are part of complex III while cytochromes *a* + *a~3~* are part of complex IV. Absorption maxima for the alpha-bands of cytochromes *c, c~1~, b* and *a* + *a~3~* are expected at 546, 552, 558 and 602 nm, respectively.

SDS-PAGE, antibodies {#SEC2-5}
--------------------

Mitochondria were isolated from mid-phase galactose grown cells by differential centrifugations after digestion of cell walls with Zymoliase-100T ([@B35]). Mitochondrial proteins were resolved on SDS-PAGE followed by immunoblotting with various antibodies.

Polyclonal antibodies against Rrf1 were raised against a recombinant protein expressed in *E. coli*. The *RRF1* sequence between the nucleotides 57 and 690 was cloned in the Pet24b bacterial expression vector in order to produce a recombinant protein with a 6-His tag. The recombinant protein was expressed in *Escherichia coli* after isopropyl beta-D-1-thiogalactopyranoside (IPTG) induction and was purified on Ni-NTA agarose. Polyclonal antibodies against Cyt1 ([@B31]) and Cytb ([@B36]) had been previously raised in the laboratory against recombinant proteins expressed in *E. coli*. Other polyclonal antibodies were gifts: Atp2 and Atp9 ([@B37]), Mrp20 ([@B38]), Ssc1 ([@B39]) and Tom40 ([@B40]). Monoclonal antibodies against yeast Cox1 (11D8-B7), Cox2 (4B12-A5) and porin (16G9-E6) were purchased from Molecular Probes (Eugene, USA), anti-human Hsp60 (LK2) and anti-HA (HA-7) were from Sigma-Aldrich and the anti-cMyc (9E10) was from Roche Life Sciences. Bound antibodies were detected using enzyme-linked secondary antibodies and a chemiluminescent substrate (Pierce).

BN-PAGE {#SEC2-6}
-------

Mitochondria were lysed in a buffer containing either 2% digitonin or 2% dodecyl maltoside in presence of phenylmethane sulfonyl fluoride (PMSF) and the complete protease inhibitor cocktail (Roche Life Sciences). Mitochondrial complexes were separated on 3--12% or 4--16% BN-PAGE gels, as described in ([@B41]) and modified in ([@B35]) or using the precast polyacrylamide gel system from Life Technology. Protein markers from Amersham Biosciences were used to estimate the molecular weights of the complexes. The blue-native gels were transferred to nitrocellulose and immunoblotted with four antibodies to reveal the positions of each complex: anti-Atp2 (complex V), anti-Cyt1 (respiratory complex III), anti-Cox2 (respiratory complex IV), anti-Tom40 (outer-membrane import complex).

Immunoprecipitation {#SEC2-7}
-------------------

Mitochondria were isolated from the tagged strains and solubilized in 1% digitonin. The suspension was centrifuged for 15 min at 4°C at 100 000 g. HA or c-Myc-antibodies coupled to agarose beads (Sigma-Aldrich) were added to the supernatant. Samples were incubated with gentle shaking for 90 min at 4°C in presence of PMSF and the complete protease inhibitor cocktail (Roche Life Sciences). The beads were washed twice with the lysis buffer, the immunoprecipitates were eluted with 50 μl of sample loading buffer, without ß-mercaptoethanol, and the different fractions were analyzed by SDS-PAGE and Western blotting experiments.

Structural modeling {#SEC2-8}
-------------------

To obtain a structural model of *S. cerevisiae* Rrf1 we used the Phyre2 web portal for protein modeling, prediction and analysis ([@B42]). A reported structure of *Mycobacterium tuberculosis* RRF (([@B43]), PDB entry 1wqg) was selected as the highest scoring template to model the Rrf1 input sequence. Rrf1 residues 48--230 (79%) were aligned with bacterial RRF and among those, 176 residues (76% of the whole protein) were modeled on the template with 100% confidence, meaning that the match between the template and the input sequence was a true homology. Molecular graphics and analyses were then performed with the UCSF Chimera package ([@B44]). Chimera is developed by the Resource for Biocomputing, Visualization and Informatics at the University of California, San Francisco (supported by NIGMS P41-GM103311).

RESULTS {#SEC3}
=======

Mutants devoid of the ribosome recycling factor Rrf1, or translation initiation factors Ifm1 and Mif3, can maintain an intron-less mitochondrial genome {#SEC3-1}
-------------------------------------------------------------------------------------------------------------------------------------------------------

In bacteria, the ribosome recycling factor RRF is essential for translation and viability ([@B45]). The structure of RRF is virtually super-imposable on the predicted structure of its yeast homolog, Rrf1, suggesting that Rrf1 plays the same role in mitochondrial ribosome recycling (Figure [1A](#F1){ref-type="fig"}). However, despite this strong structural homology to bacterial RRF, a deletion mutant of *RRF1* can maintain an intron-less mtDNA and is able to grow on respiratory medium ([@B5]), showing that Rrf1 is not essential for mitochondrial translation.

![MtDNA stability and respiratory growth in mitochondrial translation mutants. (**A**) The structure of the *M. tuberculosis* RRF and the predicted structure of the last 183 residues of *S. cerevisiae* Rrf1 are shown together with the superposition. (**B**) The names of bacterial translation factors are indicated on a schematic representation of the main steps of translation; corresponding yeast mitochondrial factors are given in parentheses. LSU: large ribosomal subunit, SSU: small ribosomal subunit. (**C**) Dilution series of cells from wild type (wt) and a series of mitochondrial translation factor mutants were spotted onto fermentable (glucose) and respiratory (glycerol) media and incubated for four days at 28°C and 36°C.](gkw490fig1){#F1}

To further investigate the role of Rrf1 in mitochondrial translation, we decided to construct additional yeast mutants in homologs of bacterial factors known to control the recycling of ribosomes: the recycling GTPase Mef2, and the initiation factor Mif3/Aim23. As a comparison, we have also analyzed mutants in factors acting in other steps of mitochondrial translation: the initiation factor Ifm1 (IF2 in bacteria), the leucine tRNA synthetase Nam2 (LeuRS in bacteria) that provides charged ^leu^tRNA essential for elongation, and the release factor Mrf1 (RF1 and RF2 in bacteria), which recognizes the stop codons during termination (Figure [1B](#F1){ref-type="fig"} and Table [1](#tbl1){ref-type="table"}).

###### Summary of the mitochondrial translation factors studied, including the bacterial homologs and mutant phenotypes

  Mitochondrial translation factors   Bacterial homologs   \% identity *S. cerevisiae/E. coli*   *S. cerevisiae* mutants used in this study   \% *rho-* 28°C
  ----------------------------------- -------------------- ------------------------------------- -------------------------------------------- ----------------
  Ifm1                                IF2                  33                                    *Δifm1*                                      20 ± 10
  Mif3/Aim23                          IF3                  \<20                                  *Δmif3*                                      \<5
  Rrf1                                RRF                  20                                    *Δrrf1*                                      \<5
  Mrf1                                RF1                  35                                    *Δmrf1*                                      100
                                                                                                 *mrf1* (R231G)                               20 ± 10
  Mef2                                EF-G                 29                                    *Δmef2*                                      100
                                                                                                 *mef2* (K54A)                                10 ± 5
  Nam2                                LeuRS                32                                    *Δnam2*                                      100
                                                                                                 *nam2* (W238C)                               \<5

The parental strain for all our constructions carried an intron-less mitochondrial genome ([@B31]). As expected, *Δrrf1* strains did not lose their mtDNA, but in this background, *Δifm1* and *Δmif3* were also able to maintain their mtDNA and were capable of respiratory growth (Figure [1C](#F1){ref-type="fig"}). Thus, Rrf1 is not the only mitochondrial translation factor that is dispensable for the maintenance of the mtDNA. Conversely, deletions of *NAM2, MRF1* and *MEF2* compromised the stability of mtDNA and were incapable of respiratory growth, as previous described ([@B11],[@B46],[@B47]). To investigate this further, we used point mutations in these genes: *nam2-*W238C ([@B48]) and *mrf1-*R231G ([@B49]) that were already available, and we constructed *mef2-*K54A that changes a lysine in the G motif conserved in all GTPases ([@B50]). All three point mutations induce no, or only mild loss of the mtDNA (Table [1](#tbl1){ref-type="table"}); however, only *mef2*-K54A shows a very weak and temperature sensitive respiratory growth, the others were respiratory deficient under all conditions (Figure [1C](#F1){ref-type="fig"}).

Deletion of *MIF3*, or *RRF1* does not lead to an overall decrease in mitochondrial protein synthesis {#SEC3-2}
-----------------------------------------------------------------------------------------------------

To further characterize all the mutants retaining mtDNA at the molecular level, we blocked cytoplasmic translation with cycloheximide, used a short incubation in the presence of ^35^S amino acids to label mitochondrial translation products and equal amounts of total proteins were subjected to SDS PAGE (Figure [2A](#F2){ref-type="fig"}). As expected, the three point mutants that had a compromised respiratory growth showed a lower level of labeling than the wild type. However, for the three deletion mutants, all mitochondrial translation products were detected and the *Δmif3* and *Δrrf1* strains displayed stronger labeling of Cox1, Cytb and Atp9 when compared to the wild type (Figure [2B](#F2){ref-type="fig"}). In the *Δifm1* strain, Cytb and Atp9 levels were similar to the wild type while labeling of the other mitochondrial proteins was decreased. Thus, in all three deletion mutants, we observed a differential effect on the labeling of specific mitochondrial proteins.

![*In vivo* mitochondrial translation and mRNA accumulation in mutants devoid of ribosome recycling (Rrf1) or translation initiation factors (Ifm1 or Mif3). (**A**) Products of mitochondrial translation were labeled *in vivo* for 10 min with \[^35^S\]-methionine and cysteine. Cox1, Cox2, Cox3, Cytb, Atp6, Atp8, Atp9 are the mitochondrially encoded subunits of respiratory complexes IV (Cox), III (Cytb) and V (Atp). Var1 is a mitochondrially-encoded small ribosomal subunit. Upper panel: autoradiography of the gel. Lower panel: Coomassie staining. The total incorporation, obtained by quantifying with the Image J. software and summing up all bands of the autoradiography corresponding to mitochondrial proteins, is given as a percentage of the wild type labeling normalized using the Coomassie staining. (**B**) The labeling of individual proteins was also quantified with the Image J. software and normalized to the Coomassie staining. (**C**) Total RNAs (10 μg) were analyzed by Northern blotting with probes specific for the protein-encoding mitochondrial genes *COX1, COX2, CYTB* and *ATP9*, and the mitochondrial rRNAs *21S* and *15S*; actin (*ACT1*) was used as a loading control.](gkw490fig2){#F2}

To determine if these effects could be due to changes in the steady state levels of the corresponding mRNAs, we performed Northern blots on total RNA using the nuclear-encoded actin RNA as a loading control (Figure [2C](#F2){ref-type="fig"}). *Δifm1, Δmif3* and *Δrrf1* showed a very small increase in the *21S, COX1* and *COX2* RNAs, while the *ATP9* and *CYTB* mRNAs remained largely unchanged. Thus, the differential effects on mitochondrial protein labeling observed in the three deletion mutants are not correlated with changes in RNA abundance, suggesting that they are due to translational or post-translational events. This is also consistent with the fact that the labeling of Cox1 increased while Atp8 remained unchanged although the corresponding RNAs are co-transcribed.

The *Δmif3* and *Δrrf1* mutants exhibit strong assembly defects in complexes IV and V {#SEC3-3}
-------------------------------------------------------------------------------------

To determine if the stronger labeling of specific mitochondrial proteins observed in the *Δmif3* and *Δrrf1* deletion mutants resulted in an elevated steady state level of the proteins, a fraction of the same samples as in Figure [2A](#F2){ref-type="fig"} was analyzed by Western blotting to reveal the Cox1, Cox2, Cytb and Atp9 proteins; porin was used as a loading control (Figure [3A](#F3){ref-type="fig"}). As expected, low levels of mitochondrial proteins were detected in *Δifm1*. However, accumulation of Cox1, Atp9 and Cox2 was decreased in the *Δmif3* and *Δrrf1* mutants while the Cytb level remained higher compared to the wild type strain. Thus, the increase in protein labeling observed in *Δmif3* and *Δrrf1* for Cox1 and Atp9 is clearly not correlated with an increased steady state level of the proteins, suggesting that only a fraction of the proteins synthesized are assembled into their final OXPHOS complex.

![Assembly of the OXPHOS complexes in mutants devoid of ribosome recycling (Rrf1) or translation initiation factors (Ifm1 or Mif3). (**A**) Total proteins from \[^35^S\]-labeling experiments were analyzed by Western blotting with antibodies against Cox1, Cytb, Atp9, Cox2; Porin was used as a loading control (upper panel). Quantification was done using the Image J software (lower panel). (**B**) Cytochrome absorption spectra were recorded on whole cells. The position of the absorption maxima of cytochromes *a + a3* (complex IV), cytochrome *b* and *c1* (complex III) and *c* are indicated. (**C** and **D**) Mitochondrial proteins were solubilized with either dodecylmaltoside (DM, panel **C**) or digitonin (DG, panel **D**), separated on BN-PAGE 4--16% (left) or 3--12% (right) and immunoblotted with antibodies against Cyt1, Cox2 and Atp2. Positions of respiratory complexes III and IV, of supercomplexes III2 + IV2, III2 + IV as well as those of multimers (Vn), monomers (V) and F1-part of complex V are indicated. The protein molecular mass markers are also indicated (kDa).](gkw490fig3){#F3}

To test this hypothesis, cytochrome spectra were recorded and clearly showed that the assembly of complex IV (cytochromes *a*+*a3*) was strongly compromised in the *Δmif3* and *Δrrf1* mutants whereas complex III (cytochromes *b* and *c1*) seemed less affected (Figure [3B](#F3){ref-type="fig"}). In addition, blue native gels were run to see individual OXPHOS complexes as well as the supra-molecular organization of the complexes, called super-complexes (super-complexes III/IV, complex V oligomers (V~n~)). The results correlated well with those from the cytochrome spectra, showing a decrease in complex IV for *Δmif3* and *Δrrf1* and a complete absence in *Δifm1*, whereas the level of complex III was similar to wild type in *Δmif3* and *Δrrf1* (Figure [3C](#F3){ref-type="fig"}). Super-complexes III~2~IV~2~ were absent in *Δmif3* and *Δrrf1*, instead super-complexes III~2~IV and complex III dimers were detected (Figure [3D](#F3){ref-type="fig"}). Complex V was severely affected since oligomers were reduced, and the free F1 sub-complex was clearly detected in the mutants but not the wild type. All these data show that the assembly of complexes IV and V is strongly compromised in the absence of the translation factors Mif3 or Rrf1.

The synthesis rate of Cox1 and Cytb is enhanced in the *Δrrf1* mutant {#SEC3-4}
---------------------------------------------------------------------

To further understand the paradoxical effects observed on labeling and assembly, we decided to focus on the fate of Cox1 and Cytb in the *Δrrf1* mutant, because several factors coordinating Cox1 and Cytb synthesis and assembly are known. We performed a time course of protein synthesis focused on Cox1 and Cytb in the wild type and *Δrrf1* mutant; this clearly showed a linear increase of the labeling of both proteins (Figure [4A](#F4){ref-type="fig"}). The synthesis rate of Cox1 and Cytb was strongly enhanced in the *Δrrf1* mutant compared to the wild type (as quantified in Figure [4B](#F4){ref-type="fig"}). On the contrary Cox2 and Cox3 showed a reduced synthesis rate in the *Δrrf1* mutant.

![Pulse-chase analysis of mitochondrial translation in the wile type and *Δrrf1* strains. (**A**) Products of mitochondrial translation were labeled *in vivo* for 2.5, 5, 7.5 or 10 min with \[^35^S\]-methionine and cysteine and then chased for 60, 120 or 240 min in presence of an excess of cold methionine and cysteine. Total incorporation was calculated as described in Figure [2A](#F2){ref-type="fig"}. (**B**) Histograms showing the quantification of individual proteins calculated as described in Figure [2B](#F2){ref-type="fig"}.](gkw490fig4){#F4}

Despite this increased synthesis of Cox1 and Cytb, we observed a low steady state level of Cox1 in *Δrrf1* cells while the Cytb level remained elevated (Figure [3A](#F3){ref-type="fig"}). To test whether this low accumulation of Cox1 was due to an enhanced degradation of mitochondrially-encoded proteins, we carried out a pulse-chase experiment of up to 240 min to analyze the degradation of Cox1, Cox2, Cox3 and Cytb in the *Δrrf1* mutant compared to the wild type (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). Cytb was very stable in both the wild type and the mutant, while Cox2 and Cox3 appeared more stable in the *Δrrf1* mutant than in the wild type. In absolute terms, the degradation of Cox1 was higher in the *Δrrf1* mutant than in the wild type. The fact that the degradation was not sufficient in the *Δrrf1* mutant to bring Cox1 and Cytb levels back to the wild type levels after a 240-min chase could be explained by the fact that the mitochondrial proteases (such as Afg3) are not sufficient to degrade the excess proteins. To test this hypothesis, we constructed a *Δrrf1 Δafg3* double mutant in a mitochondrial intron-less context and found that it rapidly lost its mtDNA, whereas both single mutants maintained a wild type level of mtDNA. Whereas a cumulative effect on translation cannot be excluded in the double mutant, it is possible that the selection of cells devoid of mtDNA allows *Δrrf1 Δafg3* strains to avoid a toxic over-accumulation of Cox1 and Cytb.

Taken together, our data suggest that the *Δrrf1* mutation leads to a strong increase in the synthesis of Cox1 and Cytb which cannot be corrected by degradation *via* the mitochondrial proteases, and so in turn leads to an imbalance in subunit stoichiometry that might particularly affect the assembly of complexes IV and V, which contain several mitochondrially-encoded subunits.

The absence of Rrf1 alters the formation of Mss51 containing complexes involved in the regulation of complex IV assembly {#SEC3-5}
------------------------------------------------------------------------------------------------------------------------

To further understand the mechanisms underlying increased translation and reduced assembly of the OXPHOS subunits, we have investigated in the *Δrrf1* mutant the fate of specific translational activators known to coordinate translation and assembly. Cox1 and Cytb are the targets of a feedback synthesis mechanism mediated by Mss51 and Cbp6/Cbp3, respectively ([@B14],[@B22],[@B23],[@B38]). Mss51 and Cbp6/Cbp3 play a dual role, they are specific translational activators of the *COX1* and *CYTB* mRNAs, but they also interact with the translated proteins and promote their assembly into their respective complexes. First, double deletions of *RRF1* and one of the translational activators were constructed and *de novo* mitochondrial translation products were labeled and compared with the respective single deletions and the wild type (Figure [5A](#F5){ref-type="fig"}). Cox1 was essentially absent in the *Δmss51* strain and Cytb was severely reduced in the *Δcbp6* strain, and these effects were independent of presence or absence of Rrf1. However, the synthesis of Cox1 or Cytb was still increased in the *Δrrf1 Δcbp6* or *Δrrf1 Δmss51* strain, respectively. Thus, the higher translation levels of the *COX1* and *CYTB* mRNAs in the *Δrrf1* strain are not interdependent, and the *Δmss51* and *Δcbp6* mutants are epistatic to *Δrrf1* since they prevent up-regulation of their target messenger.

![Genetic interactions and localization of Rrf1 and the translational activators. (**A**) *In vivo* \[^35^S\] incorporation as in Figure [2A](#F2){ref-type="fig"}. (**B**) Mitochondria were purified from cells producing Mss51-c-Myc. Mitochondrial proteins (M) were either sonicated (left) or alkali treated (right) and after centrifugation the soluble proteins were recovered in the supernatant (S) whereas the membrane-associated or membrane-spanning proteins remained in the pellet (P). Proteins were analyzed by Western blotting with antibodies recognizing Rrf1 or the epitope c-Myc. The soluble matrix protein Hsp60 and the integral mitochondrial membrane protein Cox2 were used as controls.](gkw490fig5){#F5}

Next we decided to focus on the increase in Cox1 production in the *Δrrf1* mutant to try understanding how a mutant affected in mitochondrial ribosome recycling could lead to an increase in the translation of a specific mitochondrial protein. Since Mss51 plays a key role in the regulation of Cox1 synthesis, we analyzed the possible interactions between Mss51 and Rrf1 and whether the presence or absence of Rrf1 can modify the functional state of Mss51.

First, we over-expressed the *MS551* gene in the wild type and *Δrrf1* strains, to test whether we could on the one hand mimic the effects of Rrf1 deletion in the wild type, and on the other, restore complex IV assembly in the *Δrrf1* mutant. However, no significant effect was observed on cytochrome spectra or in a BN PAGE analysis of OXPHOS complexes upon over-expression of *MSS51*, whether in the wild type or *Δrrf1* strain (Supplementary Figure S1).

Second, mitochondria were purified from a strain carrying a c-Myc tagged version of Mss51 (*MSS51-c-Myc*) and the localization of Mss51 and Rrf1 within the mitochondria was determined using anti-c-Myc and polyclonal anti-Rrf1 antibodies (Figure [5B](#F5){ref-type="fig"}). Both proteins were part of the mitochondrial pellet after sonication, although they became soluble after alkaline carbonate treatment. Thus, Rrf1 and Mss51 are both peripheral membrane proteins, loosely associated with the mitochondrial membrane.

To test whether Rrf1 and Mss51 could interact directly, co-immunoprecipitation experiments were performed using mitochondria from a strain containing an HA-tagged version of Rrf1 and the Mss51-c-Myc strain (Figure [6A](#F6){ref-type="fig"}). Immunoprecipitation of the HA tag pulled down only Rrf1, whereas the immunoprecipitation of the c-Myc tag retrieved Mss51, the heat shock protein Ssc1 and Cox1, as previously described ([@B19],[@B22]) but no co-immunoprecipitation of Rrf1 and Mss51 was detected. Thus, Rrf1 does form a stable interaction with Mss51.

![Functional interaction between Rrf1 and Mss51. (**A**) Mitochondrial proteins from *RRF1-HA* or *Δrrf1* cells producing Mss51-c-Myc were immunoprecipitated using anti-HA or anti-c-Myc-agarose beads. T: total; S: supernatant; W: wash; IP: immunoprecipitate. Proteins were analyzed by Western blotting with antibodies recognizing Rrf1, Ssc1, Cox1, Mrp20, HA or c-Myc. The ribosomal protein Mrp20 undergoes some degradation during these immunoprecipitation experiments unless a cocktail of protease inhibitors is added. (**B**) Mitochondrial proteins of wt or *Δrrf1* cells producing Mss51-c-Myc were analyzed by SDS-PAGE (left panel) or were lysed in digitonin, separated on BN-PAGE 3--12% (right panel) and immunoblotted with antibodies recognizing c-Myc, Cox1, Ssc1, Tom40. The protein molecular mass markers are indicated. Mss51^A^: high molecular weight assembly-competent complexes; Mss51^T^: low molecular weight complex thought to be the source of translationally-active complex. (**C**) Model of the effect of an absence of Rrf1 on Cox1 synthesis and complex IV assembly. We hypothesize that in the absence of Rrf1, the dissociation of the ribosomal subunits is slowed down, reducing the accessibility of Mss51 to its binding site on the C-terminus of Cox1 and concomitantly preventing the formation of the high molecular weight complex MSS51^A^. This would displace the equilibrium between Mss51^T^ and Mss51^A^ toward Mss51^T^, thus reducing the assembly of complex IV.](gkw490fig6){#F6}

Next, we asked whether the steady state level of Mss51 could be increased in the *Δrrf1* mutant, thereby explaining the elevated synthesis of Cox1. However, the Mss51 level remained unchanged in the *Δrrf1* mutant compared to the wild type (Figure [6B](#F6){ref-type="fig"}, left panel). Last, since the assembly-promoting form of Mss51 (Mss51^A^) and the low molecular-weight forms previously observed in assembly defective mutants belong to complexes of different sizes, we analyzed the behavior of Mss51 on blue native gels in the *Δrrf1* mutant compared to the wild type (Figure [6B](#F6){ref-type="fig"}, right panel). Only the Mss51^A^ complex was detected in the wild type, confirming that under efficient growth conditions, most Mss51 is found in Cox1 assembly intermediates. However, in the absence of Rrf1, a substantial fraction of Mss51 was detected in low molecular weight complexes, including a complex of approximately 120 kDa (Mss51^T^) known to correspond to a heterodimer of Mss51 and Ssc1, proposed to be the source of the translationally-active form ([@B19]).

DISCUSSION {#SEC4}
==========

It is generally accepted that mitochondrial protein synthesis is required for the maintenance of an intact mitochondrial genome in *S. cerevisiae* ([@B1]). Stringent mutations occurring in genes encoding essential components of the mitochondrial translation apparatus such as ribosomal proteins, tRNA synthetases but also elongation or release factors produce a high frequency of *rho^−^* deletion mutations that rapidly lead to the loss of the mtDNA. We have shown in this paper that this is also true for some representative mutations constructed in an intron-less mtDNA and affecting different steps of mitochondrial translation. For example, the absence of the recycling GTPase Mef2 leads to mtDNA loss and a point mutant located in a conserved GTPase motif shows a lower level of translation. Binding of Mef2-GTP to the ribosome is sufficient for ribosome splitting, but GTP-hydrolysis is required to remove Mef2 itself (and probably Rrf1) from the large subunit of the human mitochondrial ribosome ([@B10]). Therefore, the absence of Mef2 is likely to abolish the dissociation of ribosomal subunits and block all the subsequent steps of the mitochondrial translation cycle.

Strikingly, the absence of the other auxiliary factors controlling the recycling step (Rrf1) or the interface between recycling and initiation (Mif3) does not lead to mtDNA loss in a strain with an intron-less mtDNA while it does in an isonuclear strain with an intron-containing mtDNA. This suggests that the absence of Rrf1 and Mif3 has only a slight effect, if any, on mitochondrial translation. The higher instability of mtDNA observed with an intron-containing mtDNA is probably due to the fact that several introns encode maturases that are needed for the excision of the intron by which they are encoded ([@B51]). Thus, the expression of the intron-containing genes requires several rounds of translation and splicing. Therefore, if translation is slowed or less efficient, the expression of these genes could act as a trap for ribosomes and translation factors, leading to a more stringent translation deficiency and mtDNA loss.

More interestingly, in an intron-less mtDNA background that more closely models the mammalian mtDNA which is devoid of introns, the two mutants *Δrrf1* and *Δmif3* not only maintain their mtDNA, they are also are respiratory sufficient. Moreover, analysis of *in vivo* mitochondrial translation in these mutants shows that they do not decrease mitochondrial translation but rather lead to an increased synthesis of three OXPHOS subunits (Cytb, Cox1 and Atp9). In a recent paper, analysis of the *mif3*/*aim23* deletion has also revealed an imbalance of mitochondrial protein synthesis with a very high production of Atp9 but no increase in Cox1 and Cytb ([@B12]). We believe that this difference is due to the strain used by these authors, which contains eight mitochondrial introns ([@B52]), five of which contain maturase ORFs that need to be translated to promote splicing of the *COX1* or *CYTB* mRNAs.

Thus, despite their bacterial ancestry, the *S. cerevisiae* Rrf1 and Mif3 factors are not essential for mitochondrial translation, while their bacterial homologs are. An important difference between bacterial and mitochondrial translation is that the second occurs in close proximity to the inner membrane in order to synthesize the few hydrophobic proteins encoded by the mtDNA. The mito-ribosomes are indeed associated with the membrane ([@B53],[@B54]) and one can easily imagine that this might spatially modify the steps of recycling and re-initiation. In addition, there is no equivalent to the Shine--Dalgarno ribosome-binding site on mitochondrial mRNAs; instead, specific translational activators participate in anchoring of mRNAs the mitochondrial inner-membrane, the recruitment of the ribosomes and the initiation step. As described above Mss51 targets both the *COX1* mRNA and the Cox1 protein, thus controlling a feedback loop that coordinates the rates of Cox1 synthesis with the subsequent assembly of the protein into complex IV ([@B14],[@B22],[@B23]).

We have further shown that Rrf1, like Mss51, is loosely associated with the inner membrane in accordance with the idea that the recycling step of mitochondrial translation also occurs at proximity of the inner membrane. In the absence of Rrf1 we see an increase in *de novo* Cox1 synthesis but a decrease in the level of assembled complex IV. One possibility is that Rrf1 could serve to localize mitochondrial translation in membrane sites where complex assembly occurs. Translation in random locations in the *Δrrf1* mutant would result in a deficit of complex assembly and a compensatory increase in translation. Although we cannot exclude this hypothesis, Rrf1 is only loosely associated with the inner membrane and no physical interactions between Rrf1 and plausible candidate partners for this localization have been identified (BioGRID^3.4^, ([@B55])). We favor an alternative hypothesis based on structural data from bacterial models, showing that binding of RRF to the ribosome loosens the interactions between the large and the small subunits through a conformational change, before binding of EF-G ([@B56]). Thus, it is tempting to propose that in the absence of Rrf1 the dissociation of the ribosomal subunits is slowed down; as this occurs at the inner membrane, it is possible that this reduces the accessibility of Mss51 to its binding site on the C-terminus of Cox1, preventing the formation of the high molecular weight assembly complex MSS51^A^, and leading to a reduced assembly of complex IV. If this hypothesis is correct, the effect of deleting *RRF1* would be to displace the equilibrium between Mss51^T^ and Mss51^A^ toward Mss51^T^, thus reducing assembly despite the excess of Cox1 produced (see proposed model in Figure [6C](#F6){ref-type="fig"}). In addition, the uncoordinated synthesis of mitochondrially-encoded subunits belonging to the same complex might also further perturb complex assembly.

Similar effects on the translational activators specific for Cytb and Atp9 might also explain their increased synthesis. For Cytb, some of the translational activators, like the complex Cbp3/Cbp6, are also required to coordinate synthesis and assembly ([@B38]), in an analogous way to Mss51 for Cox1. However, complex III assembly is not severely decreased in the *Δrrf1* mutant, possibly because Cytb is remarkably stable ([@B38]). For Atp9, two potential translational activators have been identified ([@B57],[@B58]) but no feedback control loop has been reported until now, thus the regulation of Atp9 translation remains to be investigated.

In human cells, the depletion of the mitochondrial ribosome recycling factor mtRRF leads to a partial translation defect, a decreased levels of fully assembled OXPHOS complexes, changes in mitochondrial morphology and ultimately cell death ([@B5]). While numerous pathogenic mutations have been reported in other mitochondrial translation factors ([@B59]), no human mutation has been identified in the mtRRF or mtIF3 proteins to our knowledge. Our work suggests that the main phenotype of such mutations could be a defect in the assembly of OXPHOS complexes IV and V (and maybe of complex I that is absent in yeast) rather than a general decrease of mitochondrial translation. Interestingly, EFG2 (*mef2* in yeast) mutations have been recently reported in patients; in skin fibroblasts they lead to a decrease in the activity of complexes III and IV, but have no effect on complex I, although seven subunits of this complex are synthesized within mitochondria ([@B60]).

Altogether our results show that in *S. cerevisiae*, auxiliary factors acting at the recycling (Rrf1) and interface between recycling and initiation (Mif3) steps of mitochondrial translation are not essential for translation in an intron-less strain, rather their absence strongly impairs the assembly of complex IV and the ATP synthase. We also present the first evidence of a functional interaction between a general recycling factor, Rrf1, and a specific translational activator, Mss51. This interaction might actively participate in the coupling between mitochondrial translation and OXPHOS assembly in yeast. In the future, it will be interesting to further explore the nature of the interactions existing between general and specific auxiliary translation factors that might reveal an evolutionary adaptation of the translation machinery to the membranous environment within mitochondria.
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